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REPORT No. 141

EXPERIMENTAL RESEARCH_ ON AIR PROPELLERS, V.
Bx V. F. Duraxp Axp E. P, Lzarry, '

(1) SCOPE OF INVESTIGATION COVERED BY PRESENT REPORT.

National Advisory Committes reports Nos. 14, 30, 64 comprise the results of a series of
wind-tunnel tests on model forms of air propellers, extending over a three-year program of
experimental work. These reports were made progressively and each without reference to the
results given in preceding reports and relating to forms perhaps adjacent in geomstrical form
and proportion. These reports thus represent a survey, made in three parts, of a somewhat
extended area covering a considerable number of model forms and proportions and varying in
various characteristics in a systematic and regular mannar. )

At the conclusion of the work thus carried on in parts, it has seemed desirabls to review the
entire series of results, to examine through graphical and other appropriate means the nature
of the history of the characteristics of operation as related to the systematic variation in char-

acteristics of form, proportions, ete., through the entire series ‘of such variations, to check’

doubtful points by repetition of test, fo remove inconsistencies where found, and generally to
develop, for the series of models represented by these tests, & consistent set of results as judged
by the relation of those for any one model to those for all models adjacent in geometrical form
and proportion. :

It is the purpose of the present report to give the results of this general analysis and review
of these series of experimental observations.

NUMBER AND CHARACTERISTICS OF MODEL FORMS.

‘The number of model forms included in the analysis which is the subject of the present
report is 88. The three reports on which this analysis is primarily based covered a certain
number of additional forms, the results for which are not here included. These omitted forms
represent unusual or special forms or slight variations from normal types and were intended to
indicate the results to be anticipated by such departures from the more normal range of form
and proportion. The results derived from thess models are generally without valusble or
hopeful indications.

There remains the aggregate of 88 models distributed over the range of variations in form
and proportion as follows:

Varlatons.
B 1 T T U [}
Ares of DIAde . « o oo oo ee e e e e acemeneae 2
Form of Blade. o oo oo oo e ameeeceseemt e emeceanemee 2
Form of croas section of bIade. . . ....com oo oot ——— 4
Mode of pitch distribution. - . ... ...cece oo eeecececacccecmcence—————ee 4
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In designating these models, the following notation has been employed:

Form of blade contour No. 1......cueeecncmenioimiencnecaseaenmecacenatcnaacnancennaannn ', (see fig. 1).

Form of blade contour No. 2......cccceueeeneicniecioncnnannns Neeeeesescansessatnesanene T, (see fig. 2).

Avea of blade No. L. .- ccennnni et tiiecne v e 4, (zee figs, 1, 2).
Ares of blade No. 3. .o ouuimneeiem o iceiiictiecctieaieicecrarcicesacacnnenanarann A, (see figs. 1, 2).
Pitch distribution wmiform........ccecniiiinieiiiiinaine.. eeeieisseasacesenenmncaanans b,

Pitch distribution according to constant angle of attack 8°........ eresesstanceacas encessana b,

Piich distribution according to conatant angle of attack 8%. .. .. ..o ciiieiciinieraiciinaenns b,

Pitch distribution according fo constant angle of attack 9%. ... ..ccvieiiiaiiiiinnennannens P,

Driving face of blade plane or without camber. ......eeeeimiiiieiiiiniiiiiiiiiceanans 8, (seo figs. 8, 4, 5, 6).
Driving face of blade cambered (full)}. . ... cccmermirme it iiain i ctaane 8, (vee figs. 7, 8, 9, 10).
Driving face of blade cambered (half). «.ccuvnmeimnrieiiieiieiiiiiriiiccncncneanenado oo 8y (200 figs, 11, 12).
Driving face of blade COnVeX. ... cuemiemieieiiiiiiiiiiaiiinasieeiarrastaacamaseancanss 8, (sce fig. 183).

These various models cover the following combinations of characteristics of form and
proportion:

No. .

6 constant F,4,8,.P; with 6 variations in nominal pitch 8t10..ccacamccinenacnoiieiannn... 03, 05,0.7,09,1.1,18
6 constant F; A,S,P, with 8 variations in nominal pltch ratio..<ce-eeeeracaenennenannn.... 0.8, 0.5, 0.7, 0.9, 1.1, 1.8
6 constent F 4,8, P, with 6 variations in nominal pitch zatio...ceeeccneainaiiaianiaa.o. 0.3, 0.5, 0.7, 0.9, 1.1, 1.8
6 constant F,4,8,P, with 6 variations in nominal pitch ratio.....iecoeeeeeaaaiaocoa.. 0.8, 0.5, 0.7, 0.9, 1.1, 1.8
8 constant F,4,5,P, with 8 variations in nominal pitch ratio....... eemeemeenseeasssacesssncans 0.5, 0.7, 0.9

38 conatant F,4,8,P, with 3 variations in nominal pitch rati6......coeeeeeencveveniaiaa.oo.. 05,0.7,0.8
5 constant Fy4 8, P, with & variatlons in nominal pitch ratic.....ccccveeevncneeao et 05,0.7,08,1.1, 1.8

3 constant Fy4,8,P, with 8 variations in nomina] pitch ratio..cccceenreccie e i iiiianincaneas 0.5, 0.7, 0.9
8 constant FI.AI.S’PI Witlh 8 V&ﬂlﬁom in mmi-ml pitch nﬂo ----------------------------------- 0.6, 0-7, 0.9
8 constant F, 4,8,P, with 8 variations in nominal pitch ratio..ceamvecveaiiieiiiaeaernnneaen .- 0.5,0.7,0.9
8 constant Fy4,S,P, with 8 variations in nominal pitch ratio....cvrreecceeiienaannanan Teeans 0.5, 0.7, 0.9
8 constant Fy4,8,P, with 8 variationa in nominal pitch rt0.....cvocemeemvniriiciciaeae.. 0.5, 0.7, 0.9
8 comstant F,.4,8,P, with 8 variations In nominal pitch ratic....oeevaecaccene ool 0.5,0.7, 0.9
8 constant F,.4,8,P, with 8 vuriations in nominal pitch ratio......ocmeemvenvenciienencaiaao... 0.5, 0.7, 0.9
8 constant Fy4,8;P, with 8 variations in nominal pitch mtio....eecermmeam i 0.5, 0.7, 0.9
8 constant F,4,8,P, with 8§ variations iA nominal pitch ratio....ccveeceeiiveiannceaiaanaaanaa. 0.5, 0.7, 0.9
8 constant FoA4,8,P, with 8 variations in nominal pitch ratio....eeeseeeceenennnnn... Meeeeeeens 0.5, 0.7, 0.9
8 conatant FyA,8,P; with 3 variations in nominal pitch rato..cceeenuaiaciiiaieaaannnaiaenn 0.5, 0.7, 0.9

5 constant Fy4,8,P; with 5 variations in nominal pitch atlo......ccvmeennoaieeaioiaiail.. 0.5, 0.7, 08, 1.1, 1.8
5 constant F,4,8,P, with § variations in nominal pitch ratjo.....cveieeeeaanioaeireaiaaeo .. 05,07, 0.8, 1.1, 1.8
b constant 7, 4,8,P, with 5 variations in nominal pitch ratio. ....cuoceeemccieiicneaniienaana. 0.5, 0.7, 0.9, 1.1, 1.8

In addition to.the above 83 models the report includes results for:

Four models of constant F,4, and nominal pitch ratio 0.7, but with maximum thickness of
cross-section at 0.17, 0.25, 0.41, and 0.49 of the width from the leading edge. See figures 14,
15, 16, and 17. .

One model of constant F, 4,8, with blades made adjustable for.change of pitch, the pitch:
being uniform at 0.7 pitch ratio.

The cheracteristics of these various models in detail will be found in Table I.
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TABLE I.—Model characteristics.
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TaBLR II.—Dimensions of sections (sss Fig. 18),
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These models furthermore permit of groupmg in such manner as to give results for the fol-
lowing series of graded variations:

6 variations of pitch ratio with 4 combinations of. . ... cceccececmnrraicicniiacecnennes FASP.,

5 variations of pitch ratio with ¢ other combinations of......cccceeririnniminiiainananenn.n FASP.

3 variations of pitch ratio with 18 other combinations of......ceevmemcioemaicmceeaa..s FASP,

2 variations of contour with 30 combinations of . . ... .. cciieciiiiiiiiiiiiicaccieiceinaa A 8 P with pitch ratio.
2 variations of blade area with 33 combinations of . . - .. .caiemmnoio o caeaees -F 8 P with pitch ratio.
2 variations of blade section with 24 combination® of.....ceeveeaaeo oo ca o ceaeane. F A P with pitch ratio.
8 variations of blade section with 6 other combinations of. ... ccveeiaeonimiiieaniaan. F A P with pitch ratio.
4 variations of blade section with b other combinations of.......cocciureaerieianiainennn.. F A P with pitch ratio.
2 variations of pitch distribution with 26 combingtions of .. caceveronnoo e ciiiiiiiiaaee F A 8 with pitch ratio.
4 variations of pitch distribution with 5 other combinations of. ....ccecvmcmcmeoemomomcaas .F A § with pitch ratio.

METHOD OF TEST.

The general method of test has already been described in preceding reporte (Nos. 14, 30)
and need nof be more especially referred to at this point.

(2) REDUCTION OF EXPERIMENTAL RESULTS.

For the reduction of experimental model results to forms suited to use in pra.ctlcal problems,

the following notation is employed.

D =diameter.

N=revolutions.

¥V =velocity.

A=density of air.

H=gltitude.

T'=thrust.

Q=torque. ®

P =effective power (power delivered by engine to propeller).

P, =useful power (utilized by propeller for propulsion af plane).

n=eofficiency =P, +P.

B, O=coefficients va.nously specified by subscnpt and serving to relate T, @, P, or P, to some
function of ¥, D, N.
z=VIND.
COEFFICIENTS OF THRUST, TORQUE, AND POWER.

The law of comparison which is accepted for the discussion of experimental results on. model
air propellers and for the purpose of making use of such results in connection with practical
problems relating to full size propellers, may be stated thus:

For propellers of similar geometrical form and at equal values of the funection V/ND the

following relations hold
T~V2D* . b 1)

Q~VDe @ .

These relations may be expressed in the form of equations by the introduction of coeffi-
cients B,, B,. In order furthermore to make these cofficients non-dimensional while af the same
time measuring T"and @ themselves in gravitational units, we may introduce the factor g, thus
giving equations as follows: _ _

gT=B,AV2D? (3)
g@=B AV D? @

This gives for the coefficients B, and B, the values:
B= s ®
B ®
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We may now restate the assumed law of comparison as follows:

For propellers of similar geometrical form and at equel values of the function V/ND, values
of B, in (8) will be the same independent of absolute size; and likewise for values of B, in (8).

If then we multiply equation (5) by the equation z*=(V/ND)* it is evident that we shall
have, on the left, a new coefficient, likewise independent of absolute size, and expressed in form
as determined by the right hand member of the resulting equation.

This will be clear by holding in mind two propellers of similer geometricel form and operating
at the same value of V/ND. For these particular conditions, the values of the coefficient B,, for
each propeller, will be the same. If then this single value of B, be multiplied by the value of
V/ND we shall have a new single value, likewise applicable to these two propellers operating at
this value of V/ND. We may similarly multiply or divide by any power of V/ND orby
(V/ND)» where n may have any value positive or negative.

We may thus derive en indefinite series of coefficients, all relating to thrust, and in each
case fulfilling the condition of equal values of coefficient for equal values of V/ND for two pro-
pellers of similer geornetrical form; and if for some two propellers, then for any two and bhence
for any number, so long as they belong to the same femily es regards geometrical type or form.

Thus by way of example, by suitably selecting the index of V/ND, we derive coeflicients for
T related as follows to the veriables V, D, N, A: _

bve shpe o o @

It will be noted that of these four examples, the first involves ¥ and D, the second ¥ and D,
the third V and N and the fourth V, N, D.
We may derive similarly eoeﬂimenta for Q as follows:

s shoy AR sFiD ®
Turning now to power we have immediately from (8) and (4)
gP;=gTV=B,AV'D? )]
gP-ﬂrgQN -21-, ,AN V‘D’ . (10)
#""'i‘k D o - an

But for any two propellers geometrically similar in form and at the same value of V/ND,
the two values of B, are the same, and likewise for B,, while by specification V/ND is the same.
Hence from (11), the efficiency will be the same.

This means specificelly that for any pair of propellers geomatrically similar in form and
operating at equal values of V/ND the efficiencies will be the same; or more broadly, that
throughout all the members of & given family of propellers of the same geometrical form, a
given value of V/ND will fix the efficiency; or otherwise, that for & given family of the same
geometrical form, efficiency is a function of ¥V/ND only.

From (9) we have the coefficiant,
B, 'K%I;br L : (12)

In the same manner as for T’ and @ we may now derive & series of coefficients from that
defined as in (12), by multiplication or division by powers of V/ND. We may thus derive in
particular three coefficents as follows:

P, “gP
b ae e an
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There will obnously be three similar coefficients for the effective power P which may be
derived from (10) in the same manner in which those expressed in (13) are derived from (9).
It is olear, however, that if for two aimilar propellers at the same value of T/ND there is a
numerical coefficient relating P, to some function of T, N, D, and which numerical coefficient
is the same for both propellers, then since the efficiency is also the same, there will be another
numerical coefficient relating P to the same function of ¥, N, D, and which numencal coeffi-
cient will likewise be the same for both propellers. .

We may therefore use coefficients having the forms given in (13) and derived either from
P, or from P.

For present purposes we shall use the effective power P as the primary power quantity
and we shall denote the three coefficients derived from effective power n.nd having forms as
above, respestively by C;, G, C,.

We shall have then for these coefficients:

'KXTI;D? T ~ (148)

6= (14b)
_gP (14c)
G= AVEN2 . - :
-
The following relations will be noted: f
g, 2 %g: (f : (15)

With any consistent set of units, we shall then have & set of coefficients C,, C,, C, inde-
pendent of the system of units as such, and hence the same for either metrie or English measures.

It results furthermore thet in these basic formule; power is measured in kilogram-meters
per second or foot-pounds per second and not horsepower. Likewise speed is measured in
meters per second or feet per second and not kilometers pér hour or miles per hour.

Collecting these various equations we have as follows:

gP = CAND® : (16)
gP =0, AV'D? ' ) (17)
gP=C0AV’N? ' T (18)
X=TV/ND . (19)
P,=yP ' ) (20)
n="function of V/ND as in tables or diagrams
T=P,+V (21)
Q=P+2xN ' " (22)

In the use of these equations it must be remembered that the units are:
Metric: meter, kilogram, second.
English: foot, pound, second.
Hence D is measured in meters or feet.
N is measured in revolutions per second.
V is measured in meters per second, or feet per second.
A is measured in kilos. per cubic meter, or pounds per cubic foot.
P is measured in kilogram meters per second, or foot-pounds per second.
T is meesured in kilograms, or pounds.
Q is measured in kilogram-meters, or pound-feet.



182 REPORT NATIONAL ADVISORY COMMITIEE FOR AERONAUTICS.

With these units, as previously noted, the values of C,, G,, C; will be nondimensional, and
hence the same with either metric or English units.. _ _ _

If any of these various quantities are expressed in terms of other units such as horsepower
(metric or English), kilometera per hour, or miles per hour, they must be reduced to values in
terms of the above units before direct use is made of the formule with the numerical values of
C,, 0, C, as in Table VIII or figures 19 to 52. o

The actual test results are then put in the form of the following series of items.

TABULAR.

Values of coefficient €, on V/ND as argument.
Velues of coefficient €, on V/ND as argument.
Values of coefficient C; on V/ND as argument. -
Values of efficiency » on V/ND as argument.

See Table VIII,

GRAPHIC.

Values of coefficient C, plotted on V/ND as independent variable.
Values of efficiency n spotted on curves of C; as above.
(See figs. 19 to 62.) :

APPLICATIQN QF EQUATIONS (18), (17), (18) TO PRACTICAL PROBLEMS.

Of the nine quantities™P5; P, V, N, D, A, H, 3, z, with the three coefficients (), G, G,
some combination of which will enter into such problems, we may note first that:
P,, is dependent on 7 and P, being related as in (20). .. S
7 is dependent on z, being determined and expressed both in tabular form and graphically as
o function of z alone. o .
(See also (11).) .
The three coefficients O, ,, C}, are dependent-on z and are so determined and given in tabular
and graphic form.
(See Table VIII and figs. 19 to 52.)
H is dependent on A being connected by the relation between altitude and the density of the air.
There remain then six variables, P, V, N, D, A, z, any four of which (with one exception
to be noted later) may be taken as the necessary and sufficient specification of a problem.
The number of type problems which may thus arise involving combinetions of these six
quentities would be then the number of combinations of six things taken four at a time. This
number is 15 and the combinations are as shown in column 1 of Table III.

TasLe III. -

C® » | ® 4 w | ® | ®
No. EKnowns Unknowns.) C. y

- 4, o
1|lavdN] Px y:-k:y HEE L
32| x VDN EG [ P IO O T
8| xADN]| P. Yooy Vv ¥
sl TAVN| PD| ¥ ¥ Y .
5 zeVD PN Yy v ¥ *
6] P DN-x.o v | r ¥ .
7} 2PADN| = 72 WA S I
8 ;AVN ‘X D |eerevereen - 2
9 AvD | x N [0 20 O
W] PxDN| AV ¥y ¥ (3
1 PxVN|ATD Y Y ¥ "
1| P2x VD @N Y ' r Y .
B|Px AN D Y jrecespens ¥ eevemuene
W|PXAD| VYN ¥ =2 A TSR
5| Px v DN |eereneras a ;—-y yl .........

. Of these 15 combinations, all represent possible physical problems except the second, in-
volving z, V, D, N. Since z= V/ND it is clear that we can not arbitrarily take values of more
than three of these particular foyr quantities. © This is the exception referred to above.

e LR )
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In column (2) are given the unkowns for the several cases as noted. If the value of z is
among the lmowns, the value of the efficiency will follow immedistely from Table VIIL or
figures 19 to 52. ~Otherwise, if z is among the unknowns, its value will result immediately from
equation (19) as soon as V, U, and N are known. Once 3 is known, the useful power P, to-
gether with the thrust I"and torque @, may be readily found from equations (20), (21), (22),
if desired.

In column (3) a check mark indicates the ceses which may be solved by equation (14a) or
through the coefficient O, as defined by this equation. Similarly, in columns (4) and (5),
check marks denote the cases which may be solved respectively by equations (14b) and (14¢) or
through the coefficients G, U as defined by these equations.

The cases checked in column (8) are in effect those in which the four knowns of column (1)
are found in equation (1) and similarly for those of columns (4) and (5).

The stars in column (6) denote the cases which are checked in all three columns—that is,
the cases which may-be solved by any or all of the three equations.

In addition to these eight cases, it will be noted that cases (13), (14), and (15) may be
solved by either or both of two equations, while numbers (7), (8), (8) perm1t each of solution
through one equation only as indicated.

By the use of these equations, as choice or necessity may dictate, any of the 14 combina-
tions of quantities as noted in Table ITI and representing possible problems involving these
variables may be solved by suitable methods of computation.

RELATION OF TYPE FORM OF PROPELLER TO THE PROBLEM OF DESIGN.

In most problems in design or of like practical character, the geometrical type form of
the propeller is first assumed. Such assumption is, of course, only tentative, but it is usually
convenient to carry on the program of search for a suitable design through frial of & series of
selected type forms. In such case, with a type form chosen, the relation between the coeffi-
cients C,, G,, G, and V/ND is immediately fixed, and, assuming it to be one of the 88 type forms
covered by the present report, reference may be made directly to the corresponding diagram or
table for values of the efficiency and of the coefficients O, 0,, G, as functions of V/ND. In
any such case, then, an assumed value of the efficiency 5 or of the function V/ND will immedi-
ately determine the values of these coefficients and the solution will proceed along lines as
indicated.

In certain oases, however (cases 7, 8, 9, Table IIT}, the value of the coefficient may be left
as an unknown, the various other quantities having been determined independent of any se-
leoted type form of propeller. The solution will then give the value of the coefficient O, C,,
G,. This coefficient value may then be sought in the table or on the diagrams for various
type forms. Yherever it is found it will at the same time determine & value of x, and henoce
of efficiency, and the valne of the latter will naturally be a guide in the choice of the type form
to be ultimately accepted. If no acceptable results in these respeots can be found, it means
naturally that suitable changes must be made in the basic data—as, for example, an increase
or decrease in the diameter or in the revolutions or speed or some combination change in
these basic data which will give & different value of the coefficient and thence perhaps a more
acceptable efficiency.

In a similar manner, with other types of problems, as in Table ITI, the selected type form
with the resultant value of 0 may be such as to give an unscceptable result, especially in terms
of D, N, or V. In such case, likewiss, the basic assumptions must be modified in such manner
as to give finally an acceptable combinstion of values.

(3) NOMOGRAPHIC DIAGRAME,

For the rapid graphical solution of problems such as those considered in the p: i
seckion, nomographic diagrams have been prepared es in Plates I-VIIL, the first four being in -
metric and the second four in English units. In the earlier reports, covering progressively the

88006—28——I18
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series of tests forming the subject of the present report, this feature was represented by the
Eiffel logarithmic diagram, with curves showing values of O, for useful and effective power
drawn thereon. This form of diagram, while furnishing a solution for all combinations of data
involved in design problems, is, however, subject {6 two disadvantages:

(1) The opera.t.ive program with reference to the sequence and direction of the vectors is
not easy to carry in mind with only occasional use, and this fact has undoubtedly discouraged,
in some measure, the use of this exceedingly i mgemous form of gra.ph.wal solution for des1gn
problems. .

(2) Values are not mfrequenﬂy determined by intersections of lines at rather acute a.ngles,
thus tending to magnify the probable error of construction.

For these reasons the nomographic form of d.mgra.m has been chosen in the present report.
In diagrams of this type the operative program is simpler than in the Eiffel diagram, and the
intersections, may be made less acute. To cover all combinations of the data which may enter
into such problems, however, four diagrams are required rather than one.

Thus, referring to the diagrams intended for metric units, Plates I, IT, ITI are laid out for.
the use of equations (16), (17), (18), respectively, while Plate IV is prowded for the solution of
equation (19) or generally for connecting together the four quantities z, V, N, D.

Any discussion of the theory of nomographic diagrams or of the deta.ils of construction of
such diagrems is beyond the scope of the present report. It will be desirable, however, to give
some description of the diagrams as they are, together with suggestions regarding their use,
and with such data as may be required should it be desired to reconstruct such diagrams on
& larger scele or to extend the scale on any of the axes of the diagrams as given.

Referring to Plate I, the diagram is intended for the solution of the equetion

gP =0, AND*

Attention may first be directed to the following points:

(1) The factor g does not appear in the construction. It is “absorbed” in the program
of development of the diagram. This remark apphes ‘equally to the diagrams of Plates IT, III.

(2) The qua.ntlty A does not appear directly in the construction. Its place is taken by
altitude H. This is simply a matter of the numbering of the graduations on this axis. The
aotual distance which is involved in the graphical construction is really A to a suitable unit,
but the numbering on the scale represents the corresponding value of the altitude H. Thus
the scales may be read directly in terms of altitude, while the density A is the quantity really
employed in the computation. This remark applies equally to the diagrams of Plates IT, IIL.

(8) The diagram contains axes, one each for the five quantities P, C,, H(A), N, D,as noted
together with two auxiliary axes Y,, Y,.

(4) Let these be arranged in order as follows

D HA) N Y, Y, 0, P

(5) These may then be taken in three successive groups of three each as follows (see also
small key diagrams on plates): _
H Y, 0
N Y, Y,
D Y, P

(6) The solution consists, in effect, then, of drawing three straight lines across these three
groups of axes, es in (5), in such manner as to contain the known data and to have common
points on the auxiliary axes ¥, and ¥,. One of thess lines will then cut the axis of the unknown
at the value required for the solution. (See also small key diagrams as above.)

(7) It should be especially noted that the seven axes are associated in three groups of
three as above and in this way only.

(8) The following points regarding the units of Plates I, II, III, IV should be noted.
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(a) The unit of P is the metric horsepower dn'ect and not the kilogram meter per sacond,
as in the case of numeriocal computation.

(®) The unit of N is one revolution per minute instead of per second, as in the case of
numerical computation.

(¢) The unit of V is one kilometer per hour instead of one meter per second, as in the case
of numerical computation.

These changes are made possible by suitable changes in the units used for the various
scales of the axes of P, V, N, and thus permit the d.u'ect. use of these quantities in terms of the
common engineering units of measurement. .

The scales on these diagrams, therefore, indicate as follows:

V in kilometers per hour.
Nmnpm
D in meters.
P in horsepcwer, (metric).

H in meters.
0., G,, C,, nondimensional.

ILLUSTRATIVE PROGRAMB.

Before noting a few illustrative programs, attention may be called to the following points:
The solution in each case will call for the determination of the unknowns as noted in the

several cases of Table ITT, and this will require the use of two disgrams—viz, Plate IV and either
Plates I, IT, or III. The former will determine one of the four quantities ¥, N, D, or z and the.

latter the remaining unknown.

The coefficients 0,, 0,, G; are dependent on z= V/ND and may be determ.med from figures
19 to 52 or Table VIII as soon as z is known.

In cases where z is one of the knowns, the values of 0,, G,, 0, become known from figures 19
to 62 and Table VIII. In such cases the nomogra.plnc diagrams are to be used in such order
es may be required by the details of the case—that is, Plate IV first and then Plate I, II, or
III, or vice versa. (See cases 3, 4, 5, 10, 11, 12, 138, 14, 15, Table I1I.)

In cases where z is one of t.he unknowns, its determma.tmn may fall under either of two
programs:

(1) If the knowns include ¥, N, D, then z is found immediately from the diagram of Plate
IV. (See cases 1, 6, Table III.)

(2) M the lmowns do not include V, ¥, D, they will include four quantities permitting the
direct use of either Plate I, Plate II, orPIa.teIII This will give the value of C,, (,, or C,, and
this through figures 19 to 52 or Tab]e VIII will give z= V/ND, and this th.rough Plate IV will
givé the remaining unknown. (See cases 7, 8, 9, Table ITL.)

By way of illustration assume first case 1, Table ITI. The values ¥, D, N serve immedi-
ately to determine z or V/ND by the diagram of Plate IV. Aline is drawn through the values
of Vand D, cutting Y. A second line is then drawn through ¥ and the point on ¥. This line
extended to the axis of z or V/ND will then give the value desired.

With z known, we find from the suitable diagram of figures 19 to 52 or from Table VIII the
value of C;.

We have now as knowns all values involved in the diagram of Plate 1 except P. The triad
groups are then as follows: .

H Y 0
N 7Y, Y,
D Y, (P

The line for the first triad being drawn, the point on ¥, is determined. This point with
N serves to determine Y, in the second triad, and this point with D serves to determine P in
the third triad, and thus the solution is completed.
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Suppose with the same data it were chosen to use Plate 2. The program will proceed in
entirely similar fashion. The value of z is first found and then 0,. Then in Plate II the triad
develop as follows:

HY D
vV Y, Y,
G Y &)

In an entirely similar manner Plate 83 may be used if desired.
_ Assume next the datae of cese 10, Table ITI. The values of 2, D, N being given, V is found
by Plate IV. The values of 0;, 0,, C; result immediately from z through figures 19 to 52 and
Table VIII. In cese Plate I is employed, the triad groups result as follows:

(H) YI 01
N Y, Y,
D Y, P

and H is determined as the remaining unknown.

Assume again the data of case 7, Table IIL. The knowns P, 4, D, N indicate Plate I as
the only one available for this combination. The triad groups result as follows:

H Y, (0)
NY, Y
DY, P

The value of O, thus results, and this gives, through figures 19 to 52 or Table VIII, the
value of 2, and thence through Plate IVwefind V. o '

In all of these cases the velue of the efficiency » will naturelly play an important part in
determining the course of treatment of a design problem. This value follows immediately
from z, through figs. 19 to 52 and Table VIII. In many oases 7 will be assumed as & trial figure
at some value which it is desired to realize if possible. Or otherwise the value of 2= V/ND
will be assumed with primary reference to the corresponding velue of the efficiency.

Diagrams of the nomographio type are especially well adapted to the purpose of indicating
quickly the correlative changes in any two variables of either end triad, all other quantities
remaining the same. Thus, a line in either end fried may be revolved about its ¥ axis
point without disturbing the remainder of the diagram. In this manner the correlative
changes of either of these two pair of variables are reedily examined. :

Thus, in case (1), ¥, N, and D are assumed known. The value of z follows and thence C;
and the solution proceeds, as previously indicated, to a resultant value of P. In this triad P
is associated with D. We may then tilt the line back and forth about the point on Y, as center
and read off the values of P for a series of diameters, all other quantities on this diagram remaining
the sams.

In order to realize the latter condition, however, it is clear that if G, is to remain the same
with the same type of propeller, then z= V/ND must remain the sams, and hence (N remaining
the same) V must be assumed to vary directly with the varying values of D. Thus if the D be
taken 10 per cent larger than the first value assumed, then the value of P for a speed also 10
per cent greater at the same r. p. m. will be given by tilting the line about the intersection on
Y, as indicated above. '

Again in Plate IV, suppose that the value of z is one which gives & value of the efficiency
undesirably low. In this diagram = is associated with N. We may then tilt the ¥ N line about
the ¥ point as a center and note the relation between change in the r. p. m. and change in z and
hence change in efficiency, the ratio of ¥ to D being supposed to remain the same.

Other similar applications of this convenient feature will ocour to the interested reader.

It is apparent that in all of these various cases the solution may be carried on through
equations (20), (21), (22), to include, if desired, values of useful power, thrust, and torque.
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Nomographic diagrams might, of course, be prepared for the carrying out of the indicated
computations, but their relatively lesser importance has not seemed to justify the extension
of the present report to include the preparation of such diagrams.

While the preceding discussion of these diagrams has applied especially to those of Plates
I-IV adapted to metric measures, the same general remarks apply equally well to those of
Plates V-VIII adapted to English measures.

The scales of these indicate as follows:

V in miles per hour.

Ninr p. m.

D in feet.

P in horsepower.

H in feet.

0, 0,, 0, nondimensioneal as in Plates I-IV.

Propomom and scales.—A nomographic diagram such as that of Plate I for the solution
of an equation such as (16) may be infinitely varied in proportion and in the scale units employed,
all however, so related as to fulfill the basic conditions required for the solution. The particular
proportions and scales employed in Plates I-VIII have been chosen primarily in such man-
ner as to give a fairly equable distribution of axes over the disgram, combined with the ranges
of values chosen for the different variables. )

In case it should be desired to lay down any of these diagrams larger or smaller than those
represented in plates I . . . VIII, or covering different ranges of values, the following method
may be followed:

Tanza IV.—Spacing of ares.

PLATES.

LV Io, VL 1T, VII.
D........ 0.000 | Cper.-.cen 0.000 | Gpo-econne 0.
H........ 1.977 _?_': ....... 2. 54 9.- ....... 2. 740
N.ooeueeo 4400 [ 7........ 480 [ ¥.......Bas2
¥........ T.80 | ¥eeeeuuoo 7.218 | H......-.. 9.830
Y....... 10.980 | Y. 11483 13,
O1--...... 18.800 | D.....-.. JEQT | Fo......1T.2M
P. 20.000 | P 20.000 , ¥.......

The spacing of ‘the successive axes is given in Table IV. In the originals from which
Plates I . . . VIII were reproduced the unit was 1 inch. This unit may be similarly taken
at any nlue whatever, thus giving diagrams with spacings always in the same proportions as
those of Plates I . V]]Ibutofa.nya.ctualmzeaamybedemred.

Next we must conmder the mid values; that is, the values. lying on a single continuous
straight line drawn through the center of the field covered by the diagram. These values
are given in Table V each in terms of the special unit appropriate to the quantity in question.

Tasre V.—2fid valuss.

PLATES.
L v. I VL . Y. 1v. VI
rd
Deeee %8 9| Goennnn 0éfl 0.483 | Gy-.... 1080 2.008 | X.......0.556 G065
Ered SN dg PR LR R 8 ~
: q".ZIIo.lbu'r obas | D20 28 &E[P.lilld N.T1,50 1,50
i Pl F1- T 4 I 154 | ¥0000000,500 1,800

Next, for the scale subdivisions, there is, for each axis, & factor f as defined by the equation
ay—a;=f log. a,fa,

where (g,—a,) =distance, in terms of any arbitrary unit, between graduations for values a,
and g, (a,>a,).
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These factors f are given under the appropriate heading in Table VI. They are inde-
pendent of the system of measures employed and are therefore the same for both metric and
English measures. It will, of course, be understood that the unit of measure employed must
be the same throughout any one diagram. '

TasLr V1.—Values of faciors f.

PLATES,
. ] o
Lv. I, VI oL, yom. IV, VIO
i ] b3
P P ~3.080 | Coereen LBR [ XL 0088 -
H.O 16.00 | H . I 18,000 | V.ollIT0” K608 | ¥oollllIT 7.601
v N 13.570 | V...l 9.001 [ H....0.0 18,000 D....... ae
Y N— 7.85L [ D010 28,00 | Pl 53 | N 1168
| P......... 6.385 | P..__....... 6.38 | ¥......;... 1.0 I R

the graduation for 2 (meters) will then be meeasured by 18.33 log. 1.4=2.678. This may then
be leid down to any convenient unit, having in view the size of diagram permissible and the
range of values desired. ' :

If there should be reason for extending the diegram to include, say, values of 1 and 10,
the distance from 2.8 to 1 would be measured by 18.33 log. 2.8 =8.197, and, again, the distance
from 1 to 0 would be measured by 18.33 log. 10 =18.33. '

Instead of using factors as given in Table VI with a unit adapted to the size of diagram
desired, a fixed unit such as 1 cm. or 1 inch may be adopted, and we.may multiply or divide
the series of factors in Table VI by any coefficient at will, thus giving various series of numbers,
but always in the proportion of those in the teble. ..

Thus, by way of illustration, in Plate I, axis D, the total range is from about 1.875 to about
4.182. The log. of the ratio of these two numbers is 0.3483, and with & unit of 1 ecm. and the
fector 18.33 as in Table VI the total length of this axis would equel 6.384 cm. By taking a
unit of 5 em. or otherwise by using a fagtor 5 X 18.33 =91.85, the over-all length would become
3102 em. - L e R 2S00 = ol :

In this manner, then, the graduations on any axis may be laid out according to convenience.
Obviously the same unit must be used thronghout for any one diagram.

If for eny reason it should be desired to subdivide the graduations on Plates I . . . VIII
es printed, or to extend thein to somewhat higher or lower limits, the following steps may be
(1) Measure with scale the linear distance between two convenient numbers such as 1 and
6 or 1 and 10 or any other convenient pair, taking them, however, in such manner as to include
a considerable part of the scale length.

(2) Teke the log. of the ratio of the two numbers and divide it into the distance.

The quotient will establish the factor f for the particular unit of measure employed and for
the plate as actually printed. This factor f may then be used in manner as indicated above
to determine the distance between the graduations for any two numbers on the scale as desired.

The seales for eltitude require somewhat different treatment. -
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Tasre VIL—Relation belween altituds and densily.

Altltuds co-| Altituds ! Pounds
{meters). Eﬁ:ﬁ:’g (feot). mhhmgtc
000 1914 000 - L0788
50 1155 1,000 L0738
1,000 1000 000 o713 .
500 Lods 000 .oee1
000 - 005 000 -0871
500 .98 000 -o85L .
000 001 000 - 0831
50 557 00 | .0818
000. <8i5 0 | .0mS
500 178 0 | .08
000 .78 000  .08%0
500 .0l 0, .05
6,000 -5 14,000 -om7
500 -637 000 .61l
000 -808 14,000 o7
7,500 5% 000 ~0d51
000 N e | lomr
o,gg ;-4 wos | om ! :
.éouo 'oolodes B
20,000 . .0iis |
000 o2
000 200 |
00 -03%
000 -0388 .
000 -o33% .
000 .0348
o000 | .083%
000 0838
000 -ons
30,000 -0300 | )

Teble VII gives the relations employed between altitude and density in both metric and
English measures.

As prenously noted, the actual quantity involved in the computation is denmty A, but for
convenience this is represented on the diagram by altitude H. The factor f as given in Table
VI is for density. Henos, in order to determine the distance between the graduations for any
two values of the altitude, we may proceed as follows:

(1) Convert the two values of H into values of A through Table VII by interpolation, or

graphically by curves plotted from these tables.

(2) Then divide the larger value of A by the smaller, find the log of the ratio, multiply
by the factor f, and the product will give the distance demred.

Tasrs VIII.
PROPELLER NO. L : PROPELLER NO.2

v ! v

T a | & ' & |Efdey. ¥5 a G G Efclenoy.

: .

0.90 60019 L4 ' 257.3 0.3 02 0.1085 18.81 ;8 0.332
.36 .07 5.0 | 5. 03 ir .25 . 1087 6525 1003 <40k
5 IR 77 3482 3’70 470 .20 1068 395 .98 40
35 0 .me 2.913 18.08 58T .38 - 1083 2434 20.38 .5
A0 0 Ll 1487 9.908 .58 .40 1057 L8651 10.33 &85
45 0048 _Lod 5.138 .00 -3 1045 1147 5685 .63
.50 ¢ _038 ST | som 867 - ] L1024 L8103 1377 .67k
.58 - 0820 - 5530 1828 T N ] 0001 « 5087 1080 .T08
.00 .0R5 a1 1 TR .60 . 0580 438 1232 788
.68 0853 3143 JT40 T8 .68 - 0Q0L L3352 -T7%0 T8
.70 . 0825 - 2405 <4000 .TI0 .70 .% 2670 - 5040 T4
50 Lo (S8 L3300 T2 ] . T 3821 T8
A | .om ST -9250 788 -] 07 .1418 s T3
.88 0885 s | 1543 788 .85 0860 1013 .14ss TS
.90 - 0630 N T -1087 ] .90 -os2 .0813 J1004 JT67
.85 .0570 -0085 L0787 760 95 .08s 0813 - 0879 T
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PROPELLER NO. 4.

Tasre VIII—(Jontinued.

PROPELLER NO. 8.

- |
| § |Sead@sEz=cEREE | | B9BHEESRNRS AYHATERARERE | « | YEEQEEEE 38583828
| )
s | ~ecs8fzsBaaass ~unu8SBARIE 22533383553 ~3283888 ~8258388
gofddesria T T M FREF A m gisrics- T g | degedeeet & gl ®
-4 m m
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s | ErsesiEenaEn 3 | oeecdSaERas || o | 2usauBUBERNN | B | wnma@NRE | 5 | moosusRe
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s | ssnsastoannnznes | & | couzeonpens | ummmmmmwmmwm 3 | geennaass | mmmmu.mm 5
el R B | aadgtd et m ddeindd et e | Guaa
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< | 8GUUCCEIOACESNAY | | GoNEAdedeRgy | | BeEGRlEEIEy | | 3399388438 | S33NuEEER
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Tasrs VIII—Oontinued.
PROPELLER NO. 18. PROPELLER NO. 4.
¥ I ) L4
4] | [+ [+3 G Eficiency. ¥ 1) a 7 G Efficlency.
1
0.20 i 0.0007 1L 2B2.5- .35 028 0. 1100 7.041 a7 . 409
25 .0030 5.8 94 . 304 30 1100 4.073 45.26 468
30 0038 .47 28,19 K 35 1007 2.550 20.80 N
&5 0033 178 17.70 55 .40 . 1085 1.666 10.60 516
.40 0834 L.450 9.120 530 A5 . 1085 L1060 5.T18 .7
45 H -0830 1.031 5.042 N.: L0 L1041 530 . 333 .600
80 0818 7390 1083 068 58 1007 .0058 2.001 088
.08 : 0885 - . 5390 LT:8 o7 .80 0068 4413 L2 | < T30
.00 0887 4014 Lus N .85 0018 3388 T8 . T87
. -] I 0838 <3041 .T197 - .70 0580 « 508 5119 . T16
<0 095 3318 e vy.1 0 . T7 -.T6 R 1888 3558 T
. I o784 1T -3177 et : ot um ) 78
.80 .0708 .1388 <a161 798 35 .0662 1078 1403 .
.85 .0060 1076 .1488 .88 20 0588 « 0804 .0098 . T80
.90 -0610 0887 .1038 77 .96 OR7 <0501 .0058 - T04
N 0557 0650 0720 745
PROPELLER NO. 15. PROPELLER NO. If.
6.2 0.0887 ! 1071 247.8 0.341 0.25 0.1029 6. bes 8.4 0. 417
| 25 0871 1 5.578 .21 413 20 . 1080 3.814 42.38 418
. N .0888 3.290 20.556 476 . 1036 2303 10.5¢ 585
! 35 .0000 2.08% .14 581 A0 1018 1.587 0.9%0 887
-0 -0408 L410 I ... 45 -1000 1.007 5418 . ]
A8 .0810 9088 4.933 .038 .50 000 1833 3.133 078
.50 0008 .Ta7 2.887 084 . -0930 5710 1888 «THL
55 0887 5832 1.763 .70 - 0915 4238 L7 - T45
1 .00 -0885 4005 1.11% .Ti® - .0876 3190 - T80 «T13
.85 0836 3048 . .TIO8 .TIL o 0820 1T -4033 il
.70 0800 .8 4181 .T87 (] 0718 1837 -3368 801
.75 0781 | « 1804 3907 -0 20 0717 ~1400 3187 803
.50 078 1404 2104 R .85 0848 = 1088 + 1400 )
85 0671 1003 1818 802 .90 0870 0782 0985 T4
.90 0822 ‘L0853 - 1003 . 700 85 0484 0585 0626 .T81
R <0870 0645 N1 79 .81 N
PROPELLER NO. IT. PROPELLER NO. I8
0.20 0.088% 8.583 L1 , 0. 374 0.20 0. 0743 9.278 18] 0.370
25 - 0087 397 70.38 458 25 0738 4. TH 75.88 «848
.30 « 0085 2.837 238.19 I 520 -30 0717 2.603 20.02 518
«35 - 0680 1. 888 12.05 H 578 .35 0708 L0647 18.45 576
40 . 0084 1.037 G484 .028 .40 - 0880 1.088 6.644 .030
o5 0842 «T047 3.480 870 45 JOT «TI2 3.507 ~ W07
.50 -0613 « 4008 1.962 710 50 <0807 4857 1.043 TIT
«85 « 0881 + 392 L154 ) 740 88 0084 3890 Lin « T8
80 « 0848 951 O | . N. ] 0817 - 2903 N v ;]
.85 0508 - 1843 -.43682 - - 05 0450 « 1708 4043 .75
.70 «0488 . 1356 Jm87 150 «T0 <0418 1219 <S8 .T28
% 0422 -1000 1718 I -
PROPELLER NO. 19. PROPELLER NO. 20.
0.90 0.06014 7.078 1019 0. 384 0.20 G.0761 . 5id 27.8 0.383
.26 0811 8011 02.58 403 .25 <0784 4. 826 Ti.1a « 455
.30 0608 2.255 26.08 <531 .30 JOTi3 2.748 30.53 519
38 <0801 Li0 IL& <553 .35 0734 1.6% 139 BT
) 0580 5303 5.752 N. -4 L0101 1.008 6.844 029
«45 ~OSTE -0300 11 N. ) 45 0074 «T308 3.084& 874
.50 0858 440 LTS - T30 50 0039 5112 2.048 T4
N +0538 | .3198 LOST T 55 .0000 - 3608 L3192 JT48
+00 « 0504 »2333 6490 T .00 - 0850 2672 . T150 765
+08 0476 1738 « 4085 T2 05 0508 «1880 | -43T8 <TI2
+T0 0437 1374 « 2600 - 788 =70 « 0454 <13 SR T8
.70 0301 <0037 1548 .TI3
PROPELLER NO. 1. PROPELLER NKO. 22.
| 020 0. 0458 5. 700 1i3.5 0.413 020 0. 0479 5088 140.7 0.412
[ 25 0488 2.012 8.8 405 -5 0672 3091 48, « 400
30 <Obdd 1.644 18.37 583 -0 « 0455 1.685 18.72 « 568
! 35 0428 9014 8.004 .020 35 N - 1010 $. 35 «008
«40 <0402 <6281 L9020 .684 )] <0408 807 $.008 N
' 45 + 0376 +AI18 2.083 00T A5 .0300 - 4060 1,000 580
50 0348 a8 1.107 04 50 <0331 3548 1.069 o4l
58 <0817 1908 8297 078 N3 0200 1743 561 583
.60 ) 1mm¢ %678 63 |
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